Serum samples from cats and pigs were analyzed by the solid-phase chemiluminescent enzyme immunoassay (SPCEI), enzyme-linked immunosorbent assay (ELISA), and indirect latex agglutination (ILA) methods. The SPCEI and ILA methods accurately analyzed Toxoplasma IgG (T-IgG) in both clinical and spiked samples from pigs and cats. The ELISA method accurately analyzed T-IgG in spiked samples from cats and pigs or clinical samples from pigs, but it did not accurately analyze T-IgG in clinical samples from cats. The antibody used in the ELISA kit did not cross-react with cat T-IgG. The SPCEI method that uses a stand-alone automated analyzer provided quantitative analysis, whereas the ELISA and ILA methods provided qualitative or, at best, semiquantitative analysis of T-IgG. The SPCEI and ELISA methods were rapid (60-90 minutes for 30 samples), whereas the ILA method required 13-15 hours for 30 samples. Although the three methods accurately distinguished positive from negative samples, the ILA method yielded many weakly positive results that were not confirmed by either the ELISA or SPCEI method. Thus, the indirect agglutination tests may give nonspecific responses at lower T-IgG concentrations.
Toxoplasmosis is a protozoan disease occurring in both humans and animals due to Toxoplasma gondii infection. 3, 4 The clinical signs of Toxoplasma infection include fever, headache and malaise. 9, 19 Toxoplasma infection during an early phase of pregnancy may result in abortion, premature birth, or stillbirth in animals. 9, 16 Therefore, serological monitoring of the infected animal is required for proper management of toxoplasmosis. 7 Because this organism is not available for culture, quantitative testing for the presence of Toxoplasma IgG (T-IgG) is commonly used for determining infection. 1, 8 Diagnosis of toxoplasmosis is made commonly by the Sabin-Feldman's, 20 hemagglutination, 7 latex agglutination, 2 indirect latex agglutination (ILA), [23] [24] [25] enzymelinked immunosorbent assay (ELISA), 6, 11, 26 and fluorescence particle immunoassay 5 tests. The Sabin-Feldman's test, although reliable for toxoplasmosis diagnosis, requires living toxoplasma as antigen and accessory factor serum, which is a major disadvantage. 11 The hemagglutination and latex agglutination tests lack sensitivity and specificity. 14 The ILA test is simple and sensitive, 23 but it requires a long incubation period (12 hours) and provides only qualitative or, at best, semiquantitative analysis. The ELISA methods are sensitive and quantitative but suffer from high background levels. A recent study has shown that sodium azide reduced nonspecific reactions in ELISA assays. 21 Previous studies have shown that different methods give different results regarding the status of T-IgG. 5, 10, 18 Therefore, a new method or a method developed for human use must be validated for animal use with regard to its precision, sensitivity, matrix effects, and threshold value for positive results. Recently, an automated Toxoplasma quantitative IgG test a has been introduced (solid-phase chemiluminescent enzyme immunoassay [SPCEI]) that measures T-IgG in International Units per milliliter (IU/ml) of serum. This test has been validated for human use according to the World Health Organization's Third International Standard for Anti-toxoplasma Serum. This test, however, has not been validated for animal samples. Because this method is simple, relatively inexpensive, and rapid (requiring 60-90 minutes for completion), its validation for animal samples will be an important development in diagnosing Toxoplasma infection in animals. The aim of this investigation, therefore, was to validate the SPCEI methods for animal use and compare its performance with ELISA b and reference (ILA c ) methods.
A direct comparison of these methods is not possible because they use different units to express T-IgG antibody titer: T-IgG is expressed in IU/ml by SPCEI, optical density (OD) at 450 nm by ELISA, and the degree of agglutination (0ϩ for no response to 3ϩ for highest response) by ILA. Previous studies have in- dicated discrepancies in values obtained by methods with the three systems. 17 Thus, it was also important to determine whether a quantitative relationship exists between the three units.
Materials and methods

Analysis of Toxoplasma IgG in serum samples by SPCEI.
Each blank, clinical, or spiked sample was diluted 1:21 with a dilution reagent (provided with the kit), and the sample was transferred into a sample cup holder. The two reagent wedges were inserted into the reagent carousel. The sample cup holder was placed onto the loading platform. Two to four test units were placed behind each sample cup holder. The test was started as described previously for hormone analysis. 22 The analyzer automatically handles sample and reagent additions, incubations and separation, and quantitation steps. 22 Results are printed as IU/ml IgG in the sample.
Analysis of Toxoplasma IgG by ILA. A 0.05-ml aliquot of each sample was transferred into a microtitration well containing 0.025 ml of the buffer solution. The sample was serially diluted and mixed with the latex suspension. The tray was covered and the samples were incubated for 12 hr. Then, the samples were read for agglutination patterns, and the results were coded as 0ϩ to 3ϩ as described in the kit's instruction manual.
Analysis of Toxoplasma IgG by ELISA. Each sample was diluted 1:21 with sample diluent. A 100-l aliquot of the diluted sample, the diluted blank, high-positive, low-positive, or patient sample was added in a well. The samples were incubated for 20 min at 20-25 C and then washed three times with the wash buffer supplied with the kit. A 100-l aliquot of freshly diluted conjugate was added in each well. The samples were incubated for another 20 min at 20-25 C and washed three times as above. The dried wells received 100 l of 3,3Ј,5,5Ј-tetramethylbenzadine in dimethyl sulfoxide substrate, and the plate was incubated for another 10 min. Then, each well received 50 l of the stop solution supplied with the kit. Optical density was measured at 450 nm with an ELISA reader.
Linearity of the Toxoplasma IgG assay in cat and pig samples. One tenth-milliliter aliquots of negative serum from pigs and cats were spiked with different concentrations (final concentration 100-2,500 IU/ml) of T-IgG. d The samples were mixed and diluted 1:1, 1:10, 1:21, 1:32, 1:65, and 1:100. The undiluted or each diluted sample was analyzed by the SPCEI, ELISA, and ILA methods. The amounts added and recovered were determined for each dilution. Linearity and slope were determined by linear regression analysis. As discussed above, T-IgG was expressed as IU/ml by SPCEI, OD at 450 nm by ELISA, and degree of agglutination by ILA. A possible quantitative relationship among the three units was studied by comparing amount of T-IgG added and amount recovered in each unit.
Precision and sensitivity of SPCEI and ELISA methods. Sera from cats and pigs were spiked with different concentrations of T-IgG. Each spiked sample was analyzed five times either the same day or on different days. The coefficient of variation (%CV) and linearity were determined with the use of STATISTICS software as described previously. 22 Analysis of clinical samples. Serum samples from pigs (n ϭ 150) and cats (n ϭ 18) submitted to Minnesota Veterinary Diagnostic Laboratory for toxoplasma test were used in this study. The samples were first analyzed by the ILA test and then by the ELISA or SPCEI method. Linearity, sensitivity, and precision were determined as above.
Results
Analysis of T-IgG in cat and pig samples spiked
with T-IgG. SPCEI, ILA, and ELISA detected T-IgG in samples spiked with 50 IU/ml of T-IgG ( Fig. 1 ). A 1:1 dilution of the samples caused 50% reduction in T-IgG concentration (SPCEI method) or OD at 450 nm (ELISA method). The ILA method, however, did not differentiate undiluted and 1:1 diluted samples (Fig.  1 ). The samples containing 50, 100, 200, and 500 IU/ ml T-IgG tested negative at 1:21, 1:32, 1:65, and 1: 100 dilutions, respectively, by ELISA and SPCEI (Ta- ble 1). These samples tested either negative or weakly positive (ϩ0.5) by the ILA method ( Table 1 ). The samples containing 2,500 IU/ml T-IgG tested positive at 1:100 dilution by the three methods. Analysis of undiluted and 1:32 diluted samples by SPCEI resulted in statistically distinct T-IgG values ( Table 1 ). The ILA and ELISA methods, however, did not differentiate undiluted and 1:32 diluted samples (Table 1) .
A direct comparison of the sensitivities of SPCEI, ELISA, and ILA is not possible because the three methods used different units to express T-IgG antibody titer: SPCEI used IU/ml, ELISA used OD at 540 nm, and ILA used the degree of agglutination. This study indicated that a T-IgG value of 7 IU/ml obtained by SPCEI corresponded to 1ϩ agglutination obtained by ILA or 1.0 OD obtained by ELISA. However, a T-IgG value of 60 IU/ml obtained by SPCEI corresponded to 3ϩ aggluti-nation obtained by ILA or 2.5 OD obtained by ELISA ( Table 1 ). As shown in Fig. 2 , ILA results were linear from 1ϩ to 3ϩ degree of agglutination, ELISA results were linear from 0.05 to 2.7 OD, and SPCEI results were linear from 5 IU/ml to 250 IU/ml. Possible correlation of SPCEI results with results of ELISA and ILA is shown in Fig. 3 . Regression analysis of ELISA and SPCEI values exhibited excellent linearity (r 2 ϭ 0.99), whereas regression analysis of SPCEI and ILA values exhibited poor linearity (r 2 ϭ 0.76). This result suggests that SPCEI exhibits better sensitivity, linearity, and discrimination power than ELISA or ILA.
Precision and sensitivity of the SPCEI, ELISA, and ILA methods. The precision and accuracy of SPCEI and ELISA methods are shown in Table 2 . Precision could not be determined for the ILA method because the results were not quantitative. The coefficient of variation for the SPCEI method ranged from 7 to 10% for daily analysis and from 10 to 15% for day-to-day analysis ( Table 2 ). The precision of the SPCEI method is comparable with that of other methods reported previously. 12, 13 The ELISA method, however, exhibited relatively poor precision and reproducibility. Daily coefficient of variation ranged from 12 to 18%, whereas day-to-day variation was 15-25% (Table 2) . These statistical indices show that the precision of both the SPCEI and ELISA methods is within the acceptable limit.
Analysis of clinical samples. Analysis of 150 pig samples by ILA indicated 3 positive, 60 intermediate or weakly positive, and 87 negative samples. The three positive samples also tested positive by the ELISA or the SPCEI. Also, the ELISA method found only 10 intermediate samples and 127 negative samples, whereas the SPCEI method found only 1 weakly positive and 146 negative samples. Analysis of 18 cat samples by the ILA method revealed 4 positive and 14 negative samples. The SPCEI analysis confirmed the ILA results. All cat samples analyzed by the ELISA method tested negative. This finding was confirmed by several repeat analyses of the samples. To exclude the possibility that high T-IgG concentration may have inhibited immune response, positive cat samples were serially diluted and analyzed by the three methods. As shown in Fig. 4 , the SPCEI and ILA methods gave linear response, whereas all samples tested negative by ELISA. The possibility of matrix interference was ruled out in the spiked studies. Thus, only possible explanation is the antibody used in this ELISA kit does not react with cat T-IgG.
Discussion
Quantitative testing for the presence of T-IgG is commonly used for determining T. gondii infection in animals. Several agglutination tests 2,7,20,23-25 and immunoassays 5, 6, 11, 24 are currently available for the analysis of T-IgG in serum samples. These methods, however, suffer from major disadvantages such as requiring a long incubation time, yielding qualitative or semiquantitative results, and/or poor sensitivity. 11, 14, 21, 23 In this study, an automated SPCEI was evaluated for quantitative analysis of T-IgG in animal samples. SPCEI, ELISA, and ILA effectively analyzed T-IgG in cat and pig sera spiked with different concentrations All seven positive samples also tested positive, whereas all but one intermediate sample tested negative by SPCEI. Relatively smaller numbers of intermediate results obtained by SPCEI may be because the method has a broader working range and, therefore, provides better discrimination between the positive and negative samples. Unlike SPCEI that detected T-IgG in clinical samples obtained from both species, ELISA detected T-IgG in clinical samples obtained from pigs but not from cats. All clinical samples obtained from cats tested negative by ELISA. Thus, the three positive samples from pigs also tested positive, whereas all four positive samples from cats tested negative by ELISA. All but 10 intermediate samples from pigs tested negative by ELISA. This suggests the possibility that the antibody used in this ELISA kit did not react with cat T-IgG.
In conclusion, both SPCEI and ILA accurately distinguished positive from negative samples from pigs and cats. ELISA was not suitable for cat samples. SPCEI, being a stand-alone automated method, was relatively rapid and simple. The analysis of 30 samples by SPCEI took approximately 90 minutes, whereas their analysis by ILA took 12-14 hours. Also, SPCEI provided better quantitative analysis of T-IgG than did ILA.
